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Introduction
Glycosyltransferase enzymes (GTs) catalyze regio-and stereospecific saccharide transfer from a glycosyl donor, typically a nucleotide sugar, to an acceptor, which may belong to any macromolecular class (Breton et al. 2001 (Breton et al. , 2006 . GTs synthesize a broad array of products and are involved in a number of biological processes: they generate polysaccharides for energy storage (glycogen and starches), structural components of cells (peptidoglycan and cellulose) and whole organisms (chitin), and complex cell-surface carbohydrates with roles in adhesion, cell signaling and molecular recognition (Varki 1993 (Varki , 2014 Bertozzi and Kiessling 2001; Rudd et al. 2001; Wells et al. 2001; Schuman et al. 2007 ).
The Carbohydrate-Active enZYmes (CAZy) database (http:// www.cazy.org/) groups GTs into nearly 100 different families on the basis of sequence identity (Coutinho et al. 2003; Lombard et al. 2014) . GTs are also classified mechanistically as either "inverting" or "retaining" enzymes, depending on whether there is inversion or retention of the anomeric configuration of the donor monosaccharide in the product (Sinnott 1990) . Inverting GT reactions are understood to proceed through a single displacement mechanism involving direct nucleophilic attack by an acceptor OH-group on the C1 position of the donor sugar . The mechanism of retaining GTs remains uncertain, and there are currently three main candidates: double displacement, S N i-like internal return and associative orthogonal mechanisms (Sinnott 1990; Lairson et al. 2008; Schuman et al. 2013) . Double displacement involves an initial nucleophilic attack of the donor sugar, performed by an enzyme nucleophile, to generate a covalent glycosyl-enzyme intermediate with inverted stereochemistry. In a second displacement reaction, an acceptor nucleophile attacks the intermediate resulting in net retention of anomeric stereochemistry in the saccharide product (Soya et al. 2011 ). The internal return S N i mechanism consists of a single step: UDP departure generates an oxocarbenium ion transition state, which undergoes attack by the acceptor nucleophile (Sinnott and Jencks 1980) . The associative orthogonal mechanism involves simultaneous UDP loss and nucleophilic attack by the acceptor at a right angle to the C1-leaving group axis (Schuman et al. 2013) .
The ABO(H) blood group GTs provide an excellent model for mechanistic investigation of the retaining glycosyltransfer reaction. An α-(1→3)-N-acetylgalactosaminyltransferase (GTA; EC 2.4.1.40) transfers GalNAc from UDP-GalNAc to the H-antigen acceptor disaccharide (HA) to produce the ABO(H) blood type A determinant (α-L-Fuc-(1→2)-[α-D-GalNAc-(1→3)]-β-D-Gal-O-R), and an α-(1→3)-galactosyltransferase (GTB; EC 2.4.1.37) transfers Gal from UDP-Gal to produce the ABO(H) blood type B determinant (α-L-Fuc-(1→2)-[α-D-Gal-(1→3)]-β-D-Gal-O-R) (Figure 1 ).
GTA and GTB belong to CAZy family 6 and are the two most homologous GTs that transfer distinct naturally occurring donor substrates. They differ in only four "critical" amino acids out of 354 (Arg/Gly176, Gly/Ser235, Leu/Met266 and Gly/Ala268) ). Two of these (Leu/Met266 and Gly/Ala268) are involved in donor specificity (Patenaude et al. 2002) , while Gly/Ser235 influences acceptor binding, and Arg/Gly176 affects internal polypeptide loop ordering (Letts et al. 2006) .
These enzymes have two mobile regions of polypeptide, an internal loop (aa 176-195 ) and a C-terminal tail (aa 345-354) , that participate in substrate recognition and catalysis, a common feature amongst GTs (Boix et al. 2001 (Boix et al. , 2002 Breton et al. 2001 Breton et al. , 2006 Ramakrishnan et al. 2002; Qasba et al. 2005; Schmid et al. 2016 ).
In the absence of substrate, these loops are typically disordered, and the enzyme is in the "open" state. The internal loop becomes more organized when UDP or UDP donor and manganese cofactor bind, while the C-terminus remains disordered, and the enzyme is described as "semi-closed". Upon addition of donor, manganese and acceptor, both the internal loop and the C-terminal tail become organized, and the enzyme is said to adopt the "closed", catalytic state (Alfaro et al. 2008) .
The process of substrate binding in these enzymes has been extensively investigated. Since their initial structural characterization in 2002 (Patenaude et al. 2002) , GTA and GTB have been examined in complex with nucleotide donor, acceptor and analogs thereof via single crystal X-ray diffraction and other biophysical techniques. Recent findings, which include the first structure of native, wild-type GTB in complex with intact donor and acceptor, have demonstrated that the donor sugar undergoes conformational shifts concurrent with loop organization (Gagnon et al. 2015) . However, many aspects of the glycosyltransfer reaction remain unclear, including the mechanism by which GTA and GTB release their trisaccharide and UDP reaction products. There is a particular need for this mechanistic information given the dearth of available GT structures collected in complex with product saccharides and glycoconjugates, and any forthcoming insights will inform the development of natural product analogs for use as GT inhibitors. Recently reported structures of BshA, a family 4, retaining, GT-B fold-type enzyme, collected in complex with its reaction product, N-acetylglucosaminyl-malate, are thought to provide evidence for the proposed internal return mechanism (Winchell et al. 2016) ; however, considering the remarkable plasticity of GTs, recently reviewed by Albesa-Jove and Guerin (2016) , and GTA and GTB in particular (Blackler et al. 2016) , it is entirely possible that GTs belonging to other families and fold-types exhibit alternative mechanistic preferences, and characterization of their product-bound states could prove crucial.
To uncover the basis for product release and advance understanding of these model enzymes, GTA and GTB were crystallized in the presence of their respective antigen products. Here, we report native and mercury derivative high-resolution structures of GTA collected in complex with
The binding epitopes of the trisaccharide products were also determined in parallel at atomic resolution in solution using saturation difference transfer (STD) NMR spectroscopy (Mayer and Meyer 1999; Meyer and Peters 2003; Angulo et al. 2006) . These structural findings are particularly timely given the current mechanistic debate and also considering the lack of GT structures collected in complex with their respective reaction products.
Results

Trisaccharide antigen binding in crystals
Data collection and refinement statistics for native and derivative enzyme complexes are presented in Table I . GTA and GTB were both observed bound to their respective trisaccharide product ana- (Figure 1 ). Mercury derivative structures are indicated by asterisks.
Diffraction data for GTA+A and GTB+B were collected to a maximum resolution of 1.45 and 1.47 Å with final R work 18.2% and 18.3% and R free of 19.3% and 20.4%, respectively. Diffraction data for GTA*+A and GTB*+B were collected to a maximum resolution of 1.89 and 1.57 Å, with final R work of 18.8% and 17.4% and R free of 22.4% and 19.6%, respectively.
Altogether, four structures were determined to high resolution: GTA*+A and GTB*+B are heavy atom derivative structures crystallized in the presence of mercury with A-and B-trisaccharides added to the drops containing unliganded crystals before data collection. GTA+A and GTB+B are native proteins and were also soaked with the trisaccharide product prior to data collection.
All structures showed excellent density along the entire length of the polypeptide chain with some variation in the ordering of the mobile internal loop (aa~176-195) and the 10 carboxy-terminal amino acid residues (aa 345-354) ( Table II) . Both of these regions were significantly disordered in the structures of GTA*+A and GTB*+B, and partially disordered for the native GTA+A and GTB+B structures (Table II) .
As observed in previously published structures of GTA/GTB in complex with HA (Letts et al. 2006) , the alkyl tails of the synthetic product analogs were ordered in the active site, with different conformations corresponding to the identity of critical residue 235 (GTA/GTB: Gly/Ser235). In each of the four structures, the Atrisaccharide product analogs had higher isotropic temperature factors (ranging from 40.8 to 50.1 Å) than the B-trisaccharide product analogs (ranging from 26.9 to 29.6 Å) ( Table I) . Letts et al. (2006) observed the same trend with B factor values ranging from 53.0 to 54.4 Å and 39.5 to 42.4 Å for GTA and GTB, respectively, in complex with synthetic acceptor HA (Letts et al. 2006) and attributed this to an interaction with Leu/Met266.
The native and derivative structures exhibit unambiguous electron density for their respective trisaccharide antigens (Figure 2A-D) . In both the GTA+A and GTA*+A structures, the A-trisaccharide occupies the same relative position in the enzyme active site (Figure 2A and C). This is also true for the B-trisaccharide in the GTB+B and GTB* +B active sites ( Figure 2B and D) . The enzyme-product contacts for the β-Gal and α-Fuc moieties correspond to previous acceptor-bound complexes (Alfaro et al. 2008) , where: the β-Gal C4-hydroxyl group hydrogen bonds with the His233 and Glu303 side chains, the β-Gal C6-hydroxyl hydrogen bonds with the Thr245 side chain (Figure 2 ) and the β-Gal ring interacts with the hydrophobic face of Trp300 ( Figure 3A and B). In the published acceptor-bound structures (Alfaro et al. 2008) , the α-Fuc C2-and C3-hydroxyls make contacts to Cterminal residue His348, and the C4-hydroxyl forms a hydrogen bond with the side chain of Asp326. However, in the structures reported here, the C-terminal tail is largely disordered, and so the α-Fuc moiety of the trisaccharide products is not observed to make contacts to His348, and only the hydrogen bond from the C4-hydroxyl to the side chain of Asp326 is preserved.
Trisaccharide binding in solution
Binding of A-and B-trisaccharide to GTA and GTB, respectively, was studied in solution with STD NMR spectroscopy. This technique allows the determination of binding epitopes, which reflect the Table I . Data collection (at Cu Kα = 1.5418 Å) and refinement statistics for derivative* and non-derivative GTA and GTB structures bound by their respective product trisaccharides Table II . Internal loop, C-terminal loop and product ordering for the trisaccharide complexes in the presence and absence of mercury Black one letter amino acid codes correspond to electron density for main and side chain atoms, blue corresponds to electron density for main chain atoms only and red correspond to weak electron density for main and side chain atoms. Residues with one letter amino acid codes in lower case have not been included in the refined models. This table is available in black and white in print and in color at Glycobiology online.
distances from ligand protons to protons of binding site residues. STD NMR spectra were recorded with increasing saturation times, and STD signal intensities were determined relative to the related reference spectra ( Figure 4A ). STD build-up curves were obtained for each proton by plotting relative signal intensities against saturation time. Protons without separated resonances were not analyzed. The relative STD effects were derived from the initial slopes of the STD build-up curves, with the largest effect set at 100%. Binding epitopes for A-and B-trisaccharide are shown in 
Discussion
Trisaccharide binding within the active site is dominated by the β-galactosyl residue In all crystal structures (Figure 2) , as with the H-antigen itself in previous structures (Patenaude et al. 2002; Nguyen et al. 2003; Letts et al. 2006) , the trisaccharide β-Gal residue dominates binding pocket contact through three hydrogen bond interactions with amino acid residues Thr245, His233 and Glu303. This is confirmed by the STD NMR studies in solution, where STD effects are largest around the glycosidic linkage between α-Gal/α-GalNAc and β-Gal (Figure 4) . The strongest saturation transfers correspond to H-4 of β-Gal (B-trisaccharide) and H-1 of α-Gal/α-GalNAc (Figure 4 ) supporting a close interaction with the enzyme-binding pocket. The crystals structures of both Fig. 2 . Active site interactions of GTA (upper panels) and GTB (lower panels) with electron density (from the 2F o -F c maps contoured at 1.00 s) corresponding to: (A) GTA complexed with product trisaccharide A (the GTA+A structure) and refined to 1.45 Å, (B) GTB complexed with product trisaccharide B (the GTB+B structure) and refined to 1.47 Å, (C) GTA derivative structure complexed with product trisaccharide A in the presence of mercury (GTA*+A) and refined to 1.89 Å, (D) GTB derivative structure complexed with product trisaccharide B in the presence of mercury (GTB*+B) and refined to 1.57 Å. Protein atoms are colored by element with white for carbon, blue for nitrogen and red for oxygen, while product analog carbon atoms are colored green. Water molecules are shown as cyan spheres, and hydrogen bond interactions as pink dashed spheres. The hydrophobic face of Trp300 that interacts with the β-Gal moiety has been excluded for clarity. This figure is available in black and white in print and in color at Glycobiology online.
A-and B-trisaccharide complexes reveal that the β-Gal O4-hydroxy group is the only hydroxyl to form three-centered hydrogen bonds, in this case with amino acid residues His233 and Glu303 (Figure 2 ). There is a hydrophobic stacking interaction between Trp300 and the β-Gal H4 ( Figure 3A and B) , making the surface of the product trisaccharides inaccessible to the bulk solvent around C3, C4 and C5 of the β-Gal moiety and C1 of the α-Gal/α-GalNAc moieties.
The trisaccharide product alkyl tails follow a trend established for disaccharide acceptor (Patenaude et al. 2002; Nguyen et al. 2003; Letts et al. 2006) , with the same key enzyme-substrate contacts and dependence of trisaccharide alkyl tail position on the identity of critical residue Gly/Ser235 such that the orientations of the product tails were similar to those observed in the corresponding disaccharide acceptorbound enzyme structures (Patenaude et al. 2002; Letts et al. 2006 ).
Key hydrogen bond and van der Waals interactions facilitate product binding
Since carbohydrates possess weakly polar hydroxyl groups and lack hydrophobicity, carbohydrate-protein interactions generally have low affinities and tend to be more dynamic, relying on hydrogen bond and van der Waals contacts (Kadirvelraj et al. 2008) . Further, ordered water molecules proximal to a carbohydrate-protein interface are common in crystallography and have been shown to have the potential for significant impact on carbohydrate interaction stability and affinity (Kadirvelraj et al. 2008) .
Published crystal structures of GTA and GTB in complex with acceptor analog universally show a water molecule bridging the O3-hydroxyl and O4-hydroxyl of the β-Gal moiety and the Oε of amino acid residue Glu303 (Letts et al. 2006; Alfaro et al. 2008; Schuman et al. 2010 ). In the product-bound crystal structures reported here, the β-Gal O3 is covalently linked to C1 of the transferred monosaccharide, occluding these water-mediated hydrogen bonds. Similar to the crystal structures containing both donor and acceptor analogs, a single water molecule forms the only observed bridging hydrogen bond interaction between enzyme and the terminal α-GalNAc/α-Gal moiety of the product. In the trisaccharide-bound GTA structures this water molecule bridges the O4-hydroxyl of the β-Gal moiety and the N2 of the α-GalNAc moiety to the Oε of Glu303 (Figure 2A ). In the trisaccharide-bound GTB structures, this water Alfaro et al. (2008) . Active site residue side chains of GTB (green carbon atoms) and AABB (gray carbon atoms) are displayed, amongst them Arg188, Asp211, Asp213, His301, Asp302 and Glu303. Surface representation of (G) GTA+A and (H) GTB+B with product trisaccharides (gray carbon atoms) and active site residue side chains of Asp211, Asp213 and Asp302 displayed (blue carbon atoms). The remaining protein surfaces are colored pink. With the exception of the carbon atoms indicated, atom coloring is by element, with blue for nitrogen and red for oxygen. This figure is available in black and white in print and in color at Glycobiology online.
molecule bridges the O2-hydroxyl of the α-Gal moiety to the Oε of amino acid residue Glu303 ( Figure 2B ). NMR and crystal structures also indicate that GTB+B contains a unique van der Waals contact between the terminal carbohydrate residue and the Cε of critical amino acid Met266. Correspondingly, a medium STD effect is observed for H5 of the B-trisaccharide α-Gal moiety. In the case of A-trisaccharide the corresponding STD effect to H5 of α-GalNAc has not been quantified because the signals of H5 of α-GalNAc and H4 of β-Gal overlap (Figure 4) . According to the crystal structures in GTB+B residue Met266 is~1 Å closer to the corresponding α-Gal moiety C5 than is Leu266 to the α-GalNAc moiety C5 in GTA+A.
While the β-Gal and Fuc moieties of the product trisaccharide occupy near-identical positions in the GTA/GTB active sites, the terminal α-Gal/α-GalNAc sugar residues have slightly different orientations. This induces a~1 Å shift relative to the α-Gal moiety in the B-trisaccharide to avoid a potential steric clash with Asp211 with its bulky acetamido group ( Figure 3C ).
Crystal structures reveal a spatial conflict between UDP and trisaccharide product
The published structure of the chimeric "AABB" enzyme (first two critical residues from GTA, Arg176 and Gly235, and second two from GTB, Met266 and Ala268) was the first structure that showed the enzyme in the fully closed conformation with an organized internal loop and C-terminal tail and the first to be determined in the presence of both UDP-Gal and the 3-deoxy acceptor analog disaccharide (Alfaro et al. 2008) . The UDP moiety, in AABB and in GTA, GTB and other chimeric and mutant enzymes, lies in a Rossmann fold in a conformation that is virtually invariant over these many structures (Patenaude et al. 2002; Marcus et al. 2003; Nguyen et al. 2003; Lee et al. 2005; Letts et al. 2006; Persson et al. 2007; Alfaro et al. 2008) .
Overlap of the trisaccharide product-bound structures with any corresponding UDP-bound structure reveals a clear conflict between the β-phosphate of the UDP donor and the α-GalNAc and α-Gal moieties of the product analogs ( Figure 3D-F) . For clarity, binding of the A-and B-trisaccharide products within the GTA/GTB active site is also shown in surface representation in Figure 3G and H. In GTA, the O3-hydroxyl group of the α-GalNAc moiety occupies the same space as would the UDP β-phosphate ( Figure 3D ). The same is true for GTB, where the clash is between the UDP β-phosphate and the α-Gal O3-hydroxyl and C4-carbon ( Figure 3E and F ). These data demonstrate that neither trisaccharide can simultaneously occupy the active site with UDP.
Bound conformation of trisaccharide products differs from major solution conformer
Initial conformational studies involving the nuclear Overhauser effect (NOE) and molecular modeling report that the A-and Btrisaccharides assume a single rigid conformation (Lemieux et al. Circles illustrate the relative size of saturation transfer and reflect the proximity to the binding site, where a closer contact shows larger STD effects. The epitopes were derived from STD build-up curves and the highest value was set to 100%. The absence of circles indicates resonances that were not fully resolved, and for which the STD effect cannot be stated unambiguously. This figure is available in black and white in print and in color at Glycobiology online.
1980; Bush et al. 1986 ). Later studies challenged this view with a more flexible two-conformation model (Imberty et al. 1995; Casset et al. 1996) , though the one-conformation model retained support (Otter et al. 1999; Azurmendi and Bush 2002) .
The two conformational families predicted by Imberty et al. (1995) for the A-and B-trisaccharides (Table III) included a highabundance family II (Fam II) conformation (~93% of population) and a low-abundance family I (Fam I) conformation (~6% of population) (Figure 5A-C) . Fam I was predicted to have a higher relative energy compared to Fam II (1.72 and 1.62 times greater for the Atrisaccharide and B-trisaccharides, respectively); the dihedral angle ranges reported for Fam I and Fam II α-GalNAc-(1→3)-β-Gal and α-Gal-(1→3)-β-Gal were similar, while they varied for the α-Fuc-(1→2)-β-Gal glycosidic linkage. Fam I and Fam II conformations would both be expected to fit within the GTA/GTB active site, however the A-and B-trisaccharides are observed to bind in the Fam I conformation (Table III, Figure 5 ). The observed conformation of the A-trisaccharide is comparable to the results of an earlier NMR study (Casset et al. 1996) where the antigen was observed in the Fam I conformation in complex with a lectin. Similarly, the B-trisaccharide conformation seen here is analogous to the structure reported by Otter et al. in an early NMR study that revealed the B-trisaccharide in the Fam I conformation in solution (Otter et al. 1999) .
It is not immediately apparent why the higher-energy Fam I conformation would be preferred; however, contacts between Cterminal residue His348 and the O2-and O3-hydroxyl groups of the acceptor Fuc moiety have previously been established as "key polar groups" essential for GTA/GTB catalytic activity (Mukherjee et al. 2000) . Fuc O2 acts as both a hydrogen bond donor and acceptor and plays a critical role in acceptor recognition, while Fuc O3 acts as a hydrogen bond acceptor (Alfaro et al. 2008 ). The Cterminal tail is disordered in both structures; the trisaccharides in the Fam I conformation have the β-Gal and α-Fuc moieties close to the position of the acceptor disaccharide with the key polar group estimated to lie within hydrogen bonding distance of His348. The Fam II trisaccharide conformation would shift the Fuc residue away from His348.
Another feature that may explain the preference for Fam I is the presence of a stabilizing hydrophobic interaction between Leu329 and Fuc C4 ( Figure 5D and E). This is only observed in GTA+A, while due to the dynamic nature of Leu329, in GTB+B the leucine side chain is rotated out of the active site, resulting in no observable explanation for Fam I preference.
The internal loop of the native enzymes largely orders over the trisaccharide products As expected, Cys209-mercury coordination has caused complete disorder of the internal loop and C-terminal regions of both derivative structures ; however, it is noteworthy that the native structures show almost complete order in their internal loops (especially GTA, Table II ), meaning that they partially enclose the products in their active sites. The C-terminal tail does not order, as this would require the formation of hydrogen bonds to UDP, which is absent (Alfaro et al. 2008) .
It is well established that mercury derivatization of GTA/GTB forces the open enzyme state through internal loop disorder while preserving active site structure (Patenaude et al. 2002; Alfaro et al. 2008) . Mercury was again introduced to facilitate a comparison between product binding in the open enzyme state and the semiclosed enzyme state, and while there was again no significant difference in active site structure, the A-trisaccharide conformation is slightly altered in the mercury relative to the native structure.
Active site becomes disordered and product binding weakens following glycosyltransfer The conflict between the donated product sugar residue and the β-phosphate of the UDP donor molecule demonstrates that UDP and product cannot simultaneously occupy the active site. Based on structures of GTA/GTB with UDP in the donor-binding site, after the transfer of the sugar to the acceptor a clash will occur between the trisaccharide product and the UDP β-phosphate, suggesting that UDP must leave the active site or undergo a significant change in its conformation or position, and/or product must be released. The double displacement mechanism circumvents the problem of steric clash between UDP and the trisaccharide reaction product, since there is an initial monosaccharide transfer to the enzyme that results in formation of a covalent glycosyl-enzyme intermediate. UDP can shift position or leave the active site before the second nucleophilic attack by acceptor generates the product. By comparison, the "internal return" S N i mechanism suggests that the UDP-donor remains present briefly after sugar transfer to assist in deprotonating acceptor or to stabilize the partial positive charge on the sugar. This would result in an unfavorable conformation due to direct nucleophilic attack of the acceptor on the donor sugar, producing a product trapped under the β-phosphate of the UDP. Ly et al. (2002) used a combination of kinetic and structural data to determine the order of substrate binding and product departure for the family 8 lipopolysaccharyl α-galactosyltransferace C. Similar kinetic studies should be conducted for GTA and GTB and would be essential in uncovering critical mechanistic features that support the order of product release suggested by our structural data.
The Theorell-Chance kinetic mechanism proposed for GTB predicts the formation of only binary enzyme-substrate complexes (Kamath et al. 1999) . According to this model, UDP is released from the enzyme after the donated sugar residue forms a glycosyl-enzyme intermediate, which is followed by acceptor binding and subsequent Table III . Family I and family II conformation dihedral angle ranges reported by Imberty et al. (1995) formation of product. This two-step mechanism resolves any potential conflict that might otherwise arise between the β-phosphate of the UDP and the α-Gal residue on the product (Kamath et al. 1999) . This is consistent with the direct electrospray ionization (ESI) mass spectrometry (MS) assays reported by Soya et al. (2009) ; GTA can weakly bind the A-trisaccharide product in the presence (
) of UDP and Mn 2+ , with association favored slightly in the latter case, and GTB weakly associates with the B-trisaccharide product alone (K a = 2.7 × 10 3 M −1
) but exhibits no appreciable association in the presence of UDP and Mn 2+ (K a < 10 3 M −1
) (Soya et al. 2009 ). Schuman et al. (2013) proposed the associative orthogonal glycosyltransfer mechanism distinct from the S N i-like mechanism in that it does not invoke a dissociative intermediate. Acceptor nucleophilic attack of the donor occurs at a right angle to leaving group departure, and both occur on the front-face of the donor, accounting for the observed retention of anomeric stereochemistry. While this is a persuasive geometrical argument for many retaining GTs, particularly those lacking an appropriately-positioned nucleophile (Sinnott 1990; Lairson et al. 2008; Schuman et al. 2013) , the structural data in this report is nevertheless still consistent with the double displacement mechanism as it allows UDP departure prior to product formation. Recent studies have indicated that both the double displacement and S N i-like mechanisms proposed for retaining GTs are energetically feasible (Bobovská et al. 2015) . Double displacement features an acyl-enzyme intermediate, which arises via an enzyme-initiated nucleophilic attack on the donor; in a subsequent step, the acceptor performs a second nucleophilic attack, collapsing the covalent adduct to yield product. In this mechanism, the UDP leaving group is generated in the first step and so may leave the active site or shift position before product formation occurs in the second step, and would be consistent with the necessity to circumvent a steric clash between UDP and trisaccharide product envisioned in Figure 3D -F.
Conclusions
The crystal structures of GTA and GTB in complex with their trisaccharide reaction products are in agreement with their NMR ligand binding epitopes and together reveal a spatial conflict between the terminal α-GalNAc/α-Gal residue of the product with the donor UDP β-phosphate. These data suggest a mode of product release, where the clash between UDP and product trisaccharide disorders the active site, preventing UDP from being stably bound. Future work could include kinetic investigation to define firmly the order of UDP and product release as a complement to ongoing efforts to address the outstanding debate regarding the mechanism of glycosyltransfer in these retaining enzymes.
Materials and methods
Materials
Recombinant human GTA and GTB were expressed in Escherichia coli as previously described (Seto et al. 2000) . Purification was performed following the published two-step procedure, using a cation exchange column followed by a UDP-hexanolamine affinity column. Purity was monitored by SDS-PAGE, activity was estimated using a radioactive assay (Kamath et al. 1999) , and protein concentrations were determined using the Bradford assay with bovine gamma globulin as a standard. The octyl glycosides of the blood group A and B antigens were enzymatically synthesized via GTA and GTB transfer of UDP-GalNAc and UDP-Gal, respectively, to synthetic acceptor disaccharide (Kamath et al. 1999) 
were provided by Dr. Om Srivastava.
Crystallography
The first crystals of GTA/GTB were grown as mercury derivatives (Patenaude et al. 2002) . These crystals were washed with artificial mother liquor ML-1 consisting of 10% polyethylene glycol (PEG) 4000, 30 mM N-(2-acetamido)-2-iminodiacetic acid (ADA) buffer pH 7.5, 30 mM sodium acetate buffer pH 4.6, 100 mM ammonium sulfate, 10 mM MnCl 2 and 30% glycerol as the cryoprotectant. Crystals of GTA/GTB in complex with the A-and B-trisaccharides were obtained by soaking them in mother liquor ML-1 with 30% glycerol and 45-50 mM trisaccharide for 2-5 days at 18°C.
Native crystals of GTA/GTB lacking any heavy metals were grown at 4°C from much higher concentrations of protein (30-40 mg/mL for GTB and 16-20 mg/mL for GTA) along with 1% PEG 4000, 4.5-5% 2-methyl-2,4-pentanediol (MPD), 100 mM ammonium sulfate, 70 mM sodium chloride, 50 mM ADA buffer pH 7.5, 30 mM sodium acetate buffer pH 4.6 and 5 mM MnCl 2 for GTB crystallization and 5-8 mM CoCl 2 for GTA crystallization. 10-15 μL drops were placed against a reservoir containing 3.7% PEG 4000, 7% MPD, 0.3 M ammonium sulfate, 0.25 M sodium chloride, 0.2 M ADA buffer and 0.1 M sodium acetate. The crystals were usually grown for 5-10 days at 4°C.
Before making complexes, crystals of GTA/GTB were washed with modified mother liquor ML-2 consisting of 3.5% PEG 4000, 50 mM ammonium sulfate, 40 mM sodium chloride, 35 mM ADA buffer and 15% MPD or glycerol. Crystals of native GTA/GTB in complex with the respective A-or B-trisaccharide were obtained by soaking them in mother liquor ML-2 with 15% glycerol or MPD and 45-50 mM of each trisaccharide for 2-5 days at 4°C. Before freezing the crystals for data collection, the concentration of the cryoprotectant was made 30% glycerol or 20% MPD respectively.
Data were collected on a Rigaku RAXIS IV++ area detector at a distance of 72 mm and exposure times between 4.0 and 5.0 minutes for 0.5°oscillations, and processed with d*trek (20). X-rays were produced by a MM-002 generator (Rigaku/MSC) coupled to Osmic "Blue" confocal X-ray mirrors with power levels of 30 watts (Osmic). The crystals were frozen and maintained under cryogenic conditions (−160°C) using a CryoStream 700 crystal cooler (Oxford). Structures were solved using molecular replacement techniques (Vagin and Teplyakov 1997) with wild-type GTA and GTB (Protein Data Bank accession code 1LZ0 and 1LZ7) as starting models. These were subsequently refined using Refmac5 (Murshudov et al. 1997; Vagin et al. 2004) in the CCP4 program suite (Winn et al. 2011) .
NMR experiments
NMR samples were prepared in 50 mM Bis-Tris-d 19 (Euriso-Top, 98% D), pH 6.7, 10 mM MgCl 2 , 50 mM NaCl and 1 mM 2-mercaptoethanol-d 6 (Euriso-Top) in D 2 O (Euriso-Top, 99.97% D). TSP-d 4 (Aldrich) was used as an internal standard. The storage buffers of GTA and GTB were exchanged against the NMR buffer via centrifugal filtering using Amicon ® Ultra-4 Centrifugal Filter Units The STD NMR experiments were performed at 288 K on a Bruker Avance DRX 500 spectrometer equipped with a TCI cryogenic probe. The spectral width was 6 kHz for GTA samples and 5 kHz for GTB samples with 16k data points, and a 10 ms spin lock filter at 3 kHz (GTB) or 3.6 kHz (GTA) strength was used to suppress protein background. The on-resonance frequency was set at 7.4 ppm and the off-resonance frequency at 80 ppm. Presaturation of the enzyme was obtained using a train of selective Gaussian pulses with a pulse length of 49 ms each at a field strength of 65 Hz (GTA) or 54 Hz (GTB) separated by an inter-pulse delay of 1 ms. Spectra were recorded with a total of 1k to 4k scans and 4 to 80 selective pulses resulting in saturation times from 0.2 to 4 s. STD signal intensities were determined relative to the reference (off-resonance) spectra and were plotted against the saturation time. The resulting STD build-up curves were fitted to the monoexponential function STD = STD max (1 − exp(k sat t)) + b, where STD is the STD signal intensity at saturation time t, STD max stands for the maximal STD intensity at infinite saturation times, and k sat is the observed saturation rate constant (Mayer and James 2004) . Term b accounts for potential lag phases during build-up of STD signals. Curve fitting was done with GraphPad Prism 4.0 (GraphPad Software, San Diego). Relative binding epitopes were derived from the slopes of the build-up curves at t = 0 with the largest effect set at 100%. Figure 3G and H was generated using UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIGMS P41-GM103311) (Pettersen et al. 2004 ). All remaining figures were generated using SetoRibbon, an unpublished development of Setor (Evans 1993 
